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Exploring processes of coevolution of microorganisms and their hosts is a new imperative for life sciences. If bacteria protect
hosts against pathogens, mechanisms facilitating the intergenerational transmission of such bacteria will be strongly selected by
evolution. By disentangling the diversity of bacterial strains from the uropygium of hoopoes (Upupa epops) due to genetic relat-
edness or to a common environment, we explored the importance of horizontal (from the environment) and vertical (from par-
ents) acquisition of antimicrobial-producing symbionts in this species. For this purpose, we compared bacterial communities
among individuals in nonmanipulated nests; we also performed a cross-fostering experiment using recently hatched nestlings
before uropygial gland development and some nestlings that were reared outside hoopoe nests. The capacity of individuals to
acquire microbial symbionts horizontally during their development was supported by our results, since cross-fostered nestlings
share bacterial strains with foster siblings and nestlings that were not in contact with hoopoe adults or nests also developed the
symbiosis. Moreover, nestlings could change some bacterial strains over the course of their stay in the nest, and adult females
changed their bacterial community in different years. However, a low rate of vertical transmission was inferred, since genetic
siblings reared in different nests shared more bacterial strains than they shared with unrelated nestlings raised in different nests.
In conclusion, hoopoes are able to incorporate new symbionts from the environment during the development of the uropygium,
which could be a selective advantage if strains with higher antimicrobial capacity are incorporated into the gland and could aid
hosts in fighting against pathogenic and disease-causing microbes.
Symbiotic relationships are widespread in nature and are con-sidered a crucial driving force in evolution (1). They deeply
affect the diversity of life by expanding ecological and evolution-
ary opportunities for speciation and specialization of both hosts
and symbionts (2, 3) and have profound effects on ecosystem
functioning (4).
The vastmajority of symbioses described in eukaryotes involve
bacteria (5), which are considered an important selective force
shaping the evolution of animals (4, 6). Although research on
symbiotic interactions in nature has long focused on parasites, the
study of nonpathogenic microbiota that live in close association
with eukaryotes and benefit the ecology, fitness, and evolution of
their hosts has recently received increased attention (reviewed in
reference 7). Among other features, most bacteria produce com-
pounds that inhibit the growth of potential competing microor-
ganisms. Animals may benefit from hosting antibiotic-producing
bacteria that combat potential pathogens, so these alliances
should be widespread in nature (8). Tight mutualistic symbioses
between animals and bacteria that confer protection against
pathogens have been discovered and studied, mainly in inverte-
brates such as crustaceans (9), squids (10), aphids (11), or flies
(12) but also in vertebrates such as salamanders (13) and Euro-
pean hoopoes (Upupa epops) (14). Bacteria with outstanding an-
tibiotic properties have been isolated from the uropygial gland
(referred to here as the UG) of hoopoes (15, 16) and wood hoo-
poes (Phoeniculus purpureus) (17), two closely related bird species
(order Coraciiformes). The UG is a holocrine secretory gland lo-
cated at the base of the tail (18) that produces a secretion with a
variety of hydrocarbons, fatty acids, and esters (19). In hoopoes,
beneficial effects of antibiotic-producing bacteria have been asso-
ciated with increased hatching success (14, 20) and reduced
feather degradation (21).
Host traits facilitating relationships with beneficial bacteria
would represent a selective advantage due to the fitness benefits
conferred by the mutualistic symbionts with antimicrobial pro-
duction (22). Hosts should thus first ensure the acquisition of
those symbionts, for which several mechanisms have been de-
scribed (23). The acquisition of symbionts can be vertical, from
parents to offspring (24, 25), or can be horizontal, from environ-
ment to offspring, including unrelated host individuals (26). The
fitness of vertically transmitted symbionts is closely related to that
of their hosts (e.g., 27, 28, 29, 30), favoring intimate coevolution-
ary processes (31) and enhancing the effectiveness of symbionts
(29). Horizontal transmission leads to more-diffuse coevolution-
ary processes (32), implying that the effectiveness of mutualistic
symbionts may depend on the availability of symbiont genotypes
in the environment (29).Horizontally transmitted symbiontsmay
allow hosts to exploit a wider range of environmental conditions
or locations if symbionts acquired at different locations confer
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protection against common pathogenic microbes for each situa-
tion (23). In this sense, knowing how bacterial communities are
acquired by new generations, and knowing the importance of ver-
tical transmission of antibiotic-producing symbionts relative to
that of horizontal transmission, is essential for understanding the
symbiotic associations and therefore the coevolutionary relation-
ship between counterparts.
We studied whether acquisition of bacteria by nestling hoo-
poes occurs early or later in their development, which may clarify
the importance of vertical transmission relative to that of horizon-
tal transmission of bacterial communities. Symbiotic bacteria are
present in the dark secretions of the UG (referred to here as the
UGS) of hoopoes, which are produced by incubating/brooding
adult females and nestlings, but have not been found in the white
secretions produced by males and nonbreeding adult females (14,
33). Bacterial symbionts are likely responsible for particularities
such as brown color, malodor, and antimicrobial properties (14,
33, 34). The UG microbial community in adult females could be
fixed during their lives, or, alternatively, new symbionts could
colonize their UG, which would result in the presence of different
microbial communities in the course of successive breeding sea-
sons. On the other hand, nestlings may acquire symbionts verti-
cally frommothers and/or horizontally from nest remains of pre-
vious reproduction events of con- or heterospecifics. Previous
studies have shown that the dominant group of cultivable bacteria
in the UGS of hoopoes belongs to the genus Enterococcus (14, 35,
36) and that some isolated strains from hoopoes produce com-
pounds with strong antagonistic activity against other bacterial
species (15, 16). Enterococci are common bacteria that can be
found in soil and plants (37, 38) or in the gastrointestinal tract of
birds (39, 40) and could therefore be easily acquired from differ-
ent sources. Moreover, it is known that the antimicrobial proper-
ties of differentEnterococcus bacterial strains harbored by hoopoes
differ and that those with broader antimicrobial spectra are the
most common in the UGS of hoopoes (35, 36). The mechanisms
responsible for acquisition of symbionts with the highest potential
benefits are unknown, and thus it is an ideal system for exploring
the importance of vertical transmission relative to that of horizon-
tal transmission in explaining the symbiotic microbiota.
We studied the mode of acquisition of UG symbiotic bacteria
in hoopoes by means of two experiments. The first consisted of
cross-fostering recently hatched nestlings between pairs of hoo-
poe nests. We predicted that if offspring acquired their uropygial
bacteria in the egg or at hatching (hypothesis 1; Table 1), their
bacterial community should resemble that of the nest of origin
(prediction 1.1 [P1.1]; Table 1), and that the diversity and preva-
lence of bacterial genotypes and species should be more similar
among genetically related nestlings that grew up in different nests
than among unrelated nestlings sharing a nest (P1.2; Table 1). In
addition, the bacterial community of cross-fostered nestlings
should be more similar to that of their biological mother than to
that of their foster mother (P1.3; Table 1). Moreover, if bacteria
are acquired and established at early stages and no other bacteria
can incorporate during development, the community of symbi-
onts should remain constant over time (P1.4; Table 1), while the
levels of bacterial diversity should be higher for experimental nests
(i.e., with nestlings from two different mothers) than for control
nests if the two communities are mixed (P1.5; Table 1), or they
should be similar if they compete and if only one community is
established in the gland (P1.6; Table 1).
Alternatively, if nestlings acquire symbionts of the UG later
during growth (hypothesis 2), the bacterial community of cross-
fostered nestlings should represent that of the nest of rearing
(P2.1; Table 1). In this case, symbiont communities of genetic and
foster siblings reared in the same nest should be similar to each
other (P2.2; Table 1) and to that of the rearingmother (P2.3; Table
1). Moreover, if bacteria colonize the UG of hoopoes throughout
the nesting period, bacterial communities should change with age
(P2.4; Table 1), while bacterial diversities in experimental and
control nests should be similar if cross-fostered nestlings do not
take with them bacteria acquired before the experiment (P2.5;
TABLE 1 Framework of predictions tested to elucidate the mode of acquisition of bacterial symbionts from the hoopoe’s uropygial glanda
Parameter
Prediction
Early transmission (H1) Late transmission (H2) Both transmissions (H3)
Relative influence of nests in bacterial
community acquisition by cross-
fostered nestlings
Nest of origin most influential (P1.1) Nest of rearing most influential
(P2.1)
Nest of origin and nest of rearing
equally influential (P3.1)
Similarity of bacterial communities
among nestlings
Higher with biological siblings reared
in different nests (P1.2)
Higher with foster siblings reared in
the same nest (P2.2)
Similar with biological and foster
siblings (P3.2)
Similarity of bacterial communities
among nestlings and adult females
Higher to that of the biological
mother than to that of the foster
mother (P1.3)
Higher to that of the foster mother
than to that of the biological
mother (P2.3)
Bacteria shared with both
mothers (P3.3)
Bacterial community change with
time
Would remain constant (P1.4) Could be modified (P2.4) Could obtain bacteria from
different environments and
keep the bacterial community
from the original nest (P3.4)
Diversity of strains and species in
nests
Higher in cross-fostering nests if the
two communities are mixed
together (P1.5) or similar if the
two communities compete and
only one can become established
(P1.6)
Similar in natural and exptl nests
(P2.5)
Higher in cross-fostering nests if
the two communities are
mixed together (P3.5) or
similar if the two communities
compete and only one can
become established (P3.6)
a H, hypothesis; P, prediction.
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Table 1). In addition, the two transmissions could also occur si-
multaneously (hypothesis 3; Table 1).
Previous scenarios assume that hoopoes acquire symbiotic
bacteria from nest environments, but, due to bacterial ubiquity, it
is also possible that innate properties of the UG of the nestlings
allow the establishment of the symbiotic bacteria when the nest-
lings are reared under artificial conditions. To test this assump-
tion, we performed another experiment which consisted of pre-
venting contact of hatchlings with mothers, siblings, or nests (i.e.,
experimental incubation in the laboratory). We expected that the
UG of nestlings reared outside the hoopoe nests would also be
colonized by bacteria similar to those found for nestlings in natu-
ral hoopoe nests. Those approaches together will help to elucidate
the symbiotic relationship between hoopoes and the bacteria liv-
ing in their uropygial glands.
MATERIALS AND METHODS
Field work and bacterial sampling. The study was performed during the
2003, 2005, and 2006 breeding seasons in the Hoya de Guadix (southeast-
ern Spain), where around 400 nest boxes (interior height, 350 mm; inte-
rior width, 180 mm; interior depth, 210 mm; hole height, 240 mm; hole
diameter, 55 mm) had been installed to follow the whole reproduction
cycle of hoopoes (see reference 33 for more details) among other bird
species.
TheUGS of nestling hoopoes were sampled at the age of ringing (19 to
21 days after hatching). To explore possible variations in relationwith age,
some individual nestlings (n 15) were also sampled during the first days
of producing secretion (i.e., 8 to 11 days after hatching). Adult females
were sampled at the beginning of incubation, after laying ended (n 20).
To estimate whether the composition of the bacterial community in adult
females changes over the course of their stay in the nest, we also sampled
five of them at the end of the incubation period. In four cases, we sampled
theUGSof a particular adult female fromdifferent reproductive attempts,
either in the same breeding season (1 case) or in two different years (3
cases).With these samples, we investigated the variation in bacterial com-
munities hosted during different breeding attempts.
UGSwas extracted by inserting the tip of amicropipette (Finpipette; 1
to 10 l) directly through the UG external opening and pipetting several
times until the papilla in which the secretion is stored was emptied (33).
To reduce the probability of contamination, we wore new latex gloves for
each extraction. We had previously wiped the feathers and skin around
the UG with 96% ethanol and let the ethanol dry before inserting the
micropipette. Then, each UGS sample was placed in a sterile Eppendorf
tube (1.5 ml) and stored at 4°C until used.
In 2006, we performed a cross-fostering experiment in which two
experimental nestlings that were 3 to 4 days old (with no secretion and the
UG starting development) were exchanged with another two nestlings of
the same age fromanother nest (n 22). In addition to the cross-fostering
experiment, in 2003 and 2006, we collected 9 hoopoe eggs from 8 clutches
and incubated them artificially in the laboratory. These were placed in the
incubator 2 days before the estimated hatching date.Within the first 3 h of
life, these 9 hatchlings were introduced into nests of great tits (Parus
major) with the rest of the tit nestlings, where they were fed by tit parents
until fledging.
Finally, 5 nestlings (4 that were 2 to 6 days old from 1 nest and 1 that
was 1 or 2 days old from another) without completely developed UG that
were from partially depredated nests were reared by researchers in a nest
box (similar to those in the field, but this box had not been used before) in
the laboratory. Hoopoes do not build nests and do not takematerial to the
boxes, so we did not put anymaterial into the nest box. UGS samples were
collected 15 days later.
Colony isolation and clustering. UGS was diluted 1:5 in sterilized
distilled water, and 5 l of the solution was spread on tryptic soy agar
(TSA; Scharlau, Barcelona, Spain). Plates were incubated aerobically at 32
to 37°C for 24 h. After growing, five colonies taken randomly from TSA
were isolated from each sample and transferred to brain heart infusion
(BHI; Scharlau, Barcelona, Spain) liquid medium and incubated for 24 h
at 37°C. Then, 1 ml of the culture was centrifuged and the pellet was kept
at20°C until DNA extraction. A total of 644 colonies were isolated from
134 hoopoe individuals; 123 colonies belonged to 20 adult females from
24 clutches and 521 colonies to 114 nestlings from 46 (24 control and 22
experimental) nests.
Bacterial genomic DNA from pure cultures was extracted following a
modification of the “salting-out” procedure (41). To type the isolates
from each sample, the randomly amplified polymorphic DNA (RAPD)
method was used (42). The RAPD-PCR technique is used as a rapid and
reliable method for intra- and interspecific differentiation of bacterial
groups. This has been found to be an efficient method for typing large
numbers of isolated colonies to the species and strain levels (see, e.g.,
reference 43). Although there is some variability in the fingerprints ob-
tained by RAPD technique, good reproducibility is achieved under con-
trolled laboratory conditions (44). Our molecular analyses were all per-
formed under identical laboratory conditions. Reactions were performed
in a final volume of 50l, which included 5l of 10 Taq reaction buffer
[75 mM Tris HCl (pH 9.0), 50 mM KCl, 20 mM (NH4)2SO4], 5 l of 3
mMMgCl2, 2l of 400Mdeoxynucleoside triphosphates (dNTPs), 5l
of 1MM13 primer (5=-GAGGGTGGCGGTTCT-3=), 1 U of MBL DNA
polymerase, and 5 l of template DNA. Amplifications were made in an
iCycler 170-8720 thermocycler (Bio-Rad, Hercules, CA), and the reaction
conditions were as follows: a denaturing step of 94°C for 1 min, 35 cycles
of 94°C for 1 min, 40°C for 20 s (0.6°C/s ramp), and 72°C for 80 s, and a
final elongation step at 72°C for 5 min.
Amplified DNA fragments were analyzed by electrophoresis through
1.5% agarose gels at 30 V for 16 h in 1 TAE buffer (40 mMTris-acetate,
2.5 mM EDTA, pH 8) and revealed in ethidium bromide (0.5 g/ml). A
1-kbp ladder (Biotools, Madrid, Spain) was used as a molecular size stan-
dard. Gels were photographed on a UV transillumination table (Vilber-
Lourmat, Marne-la-Vallée, France). Fingerprint pattern images were an-
alyzed with Fingerprinting II Informatix Software 2000 (Bio-Rad,
Hercules, CA). To cluster all the strains in RAPD groups, we used simi-
larity coefficients based on the Pearson’s product moment correlation
coefficient to build dendrograms based on the unweighted-pair group
method using average linkages (UPGMA). RAPD and cluster analyses
were repeated with 34 randomly selected samples to establish the level of
strength identity (i.e., RAPD group) and to check for variations due to the
use of different RAPD gels. All the isolates with more than the 80% simi-
larity were clustered in the sameRAPDgroup andwere thus considered to
represent the same strain. This threshold is broadly used because it corre-
lates with strain or species identity (e.g., 44, 45, 46).
Identification of isolates. At least one isolate from each RAPD group
was selected for sequencing, although in some groups more than one
isolate was selected. The sequenced fragment was around 700 bp of the
16S rRNA gene, including variable regions V1 to V4, which allows the
molecular identification of bacterial strains. The PCR was carried out
using a 50-l (total volume)mixture containing 5l of 10 Taq reaction
buffer, 10 l of 5 TaqEnhancer, 3 l of 25 mM Cl2Mg, 2 l of 0.4 mM
dNTPs, 2 l of 20 pM primer WO1 (5=-AGAGTTTGATC[A/C]TGGCT
C-3=) and the same amount of primer WO12 (5=-TACGCATTTCACC
[G/T]CTACA-3=), 1 U of Eppendorf Master Taqpolymerase, and 1 l of
template DNA. The amplification consisted of an initial denaturing step
of 94°C for 4min followed by amplification using 30 cycles of 30 s at 94°C,
30 s at 50°C, and 60 s at 72°C and a final extension at 72°C for 2 min. PCR
products were purified with a Perfectprep gel cleanup kit (Eppendorf,
Hamburg, Germany). The sequence of the 16S rRNA gene was deter-
mined by using CEQ 2000 dye terminator cycle sequencing with a Quick
Start kit (Beckman Coulter, Brea, CA) according to the manufacturer’s
instructions. The resultant sequence was analyzed with a CEQDNA anal-
ysis system (version 4.0). To identify the species of isolated strains, a
search for homology to the DNA sequence was made using the BLAST
Ruiz-Rodríguez et al.
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algorithm (47) available at the National Center for Biotechnology Infor-
mation (NCBI), from the “16S ribosomal DNA sequences (Bacteria and
Archaea)” database, optimized for the “highly similar sequences” (Mega-
blast). A target sequence was assigned to the species with the highest iden-
tity value (98% in all the cases). A total of 172 sequences resulted, and
they were deposited in the GenBank database (see below for accession
numbers).
Statistical analyses. To identify factors explaining the variability of
the bacterial communities of the UG of hoopoes (predictions 1.1, 2.1, and
3.1; Table 1), binary pairwise distance matrices were constructed for
strains and species identities as follows: 0 (i.e., no distance) indicated that
two samples belonged to the same strain (i.e., more than 80% similarity)
or species, and 1 (i.e., maximumdistance) indicated that they belonged to
different strains or species. Both types ofmatrices were considered depen-
dent variables. We also built binary pairwise distance matrices for all the
individuals and nests (i.e., with a value of 0 assigned when the two isolates
belonged to the same individual or nest and a value of 1 assignedwhen the
two isolates did not belong to the same individual or nest), which were
used as the explanatory variables in the analyses. In the case of the isolates
from experimental nests, two types of matrices were constructed, one for
the original and the other for the rearing nest. Analyses were performed
separately for adult females, nestlings that grew in control nests, and nest-
lings in cross-fostering nests. The association among matrices was ana-
lyzed by multiple regression on distance matrices (MRM) with the ecodist
package (48) in R environment 2.13.1 (49). Significance was estimated by
the Monte Carlo procedure after 10,000 permutations.
Individual differences in bacterial communities with respect to their
UGS (predictions 1.2, 1.3, 2.2, 2.3, 3.2, and 3.3; Table 1) were estimated by
using the function vegdist in the “vegan” package (50) implemented in R
environment 2.13.1 (49), which calculates a dissimilarity index for pairs of
individuals by considering coincidences in the prevalences of strains and
species. The index values ranged from 0 to 1 and were transformed to
similarity values (1 minus the distance value) before the analyses. Com-
parisons of similarity values of bacterial communities were performed
with nonparametric analysis (Mann-Whitney U tests) in Statistica 7.0
(Dell Software).
The Shannon diversity indices of strains and species for individuals
and nests (predictions 1.5, 1.6, 2.5, 3.5, and 3.6; Table 1) were also esti-
mated in the R “vegan” package (47) as follows:
H
i1
s
pilnpi (1)
where pi is the proportion (p) of species or strains (i) related to all the
isolates of each individual/nest and S is the number of species or strains.
Differences in Shannon’s diversity values estimated for individuals within
different groups were also explored by means of nonparametric statistics
(Kruskal-Wallis tests).
In addition, to assess whether the frequencies of each of the detected
bacterial species differed among ages (for adult females and nestlings)
(predictions 1.4, 2.4, and 3.4; Table 1), we used log-linear analyses with 2
tests. Also, we estimated the overall probabilities associated with nestlings
and adult females in terms of differences in frequencies of bacterial species
by using 2 test results and the associated P values and the following
formula (52):
k
2
2
i0
n
(lnpi) (2)
where k is 2 times the number of performed statistical analyses and p is the
P value of the i analysis. Furthermore, we applied the false-discovery-rate
(FDR) correction to establish the appropriate Q values, which were the
calculated P values after the FDR correction (53).
Nucleotide sequence accession numbers. The 172 sequences deter-
mined in this work were deposited in the GenBank database under acces-
sion numbers KC481273 to KC481322 and KF303342 to KF303460.
RESULTS
Prevalences of strains and species. The 644 microbial colonies
from hoopoes were clustered into 105 RAPD groups (i.e., strains).
The number of isolates within each RAPD group was highly vari-
able (range, 1 to 74;median, 3; standard deviation [SD], 10.86). In
78 RAPD groups, the clustered colonies were only from nestlings
(n  275); 12 RAPD groups included only colonies from adult
females (n  34), and the remaining 15 RAPD groups included
isolates from adult females (n 89) as well as nestlings (n 246).
Notably, those 15 (14.29%) RAPD groups, which included colo-
nies isolated from UGS of adult females and nestlings, comprised
52% (n 335 colonies) of the isolates.
Wewere able to identifymost of the 644 isolates, 93.17% to the
species level and 0.93%more to the genus level. The vast majority
of the isolates identified belonged to the Enterococcus genus
(91.77%), the most frequently identified species being E. faecalis
(grouping 37 strains) followed by E. faecium (8 strains), E. avium
(4 strains), E. durans (5 strains), E. mundtii (13 strains), E. casse-
liflavus (13 strains), and E. gallinarum (4 strains) (Table 2). The 15
TABLE 2 Frequencies of identified bacterial species and nonidentified Enterococcus spp. in adult females and nestlings and comparisons among
thema
Bacterial species
Adult females
(n 115) Nestlings (n 491) Difference and FDR correction
n % n % 2 P Q
Enterococcus faecalis 49 42.6 222 45.2 0.26 0.61 0.61
Enterococcus faecium 4 3.5 85 17.3 14.23 0.0002 0.001
Enterococcus avium 46 40.0 19 3.9 127.02 0.0001 0.0001
Enterococcus durans 2 1.7 61 12.4 11.42 0.0007 0.002
Enterococcus mundtii 6 5.2 44 9.0 1.73 0.19 0.26
Enterococcus casseliflavus 1 0.9 39 7.9 7.56 0.006 0.011
Enterococcus gallinarum 0 0 7 1.4 1.18 0.28 0.31
Stenotrophomonas rhizophila 3 2.6 4 0.8 2.63 0.11 0.17
Aerococcus urinaeequi 0 0 5 1.0 1.18 0.28 0.31
Streptococcus salivarus 2 1.7 0 0 8.57 0.003 0.006
Staphylococcus saprophyticus 1 0.9 0 0 4.28 0.003 0.006
Enterococcus spp. 1 0.9 5 1.0
a n and %, number and percentage of individuals in which each species is present, respectively. Results of the 2 tests and associated P values, as well as the adjusted P values (Q)
after the FDR corrections (significant values are in bold), are given for all the known species.
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additional isolates were identified as Stenotrophomonas rhizophila
(3 strains), Aerococcus urinaeequi (4 strains), Streptococcus sali-
varius (1 strain), and Staphylococcus saprophyticus (1 strain) (Ta-
ble 2).
At the genus level, Enterococcus species were the most frequent
in isolates from adult females (94.78%, n  123) and nestlings
(98.17%, n  521). At the species level, the frequencies of bac-
terial species in samples from nestlings and adult females dif-
fered (2df  22  101.62, P  0.001), supporting hypothesis 2
(prediction 2.4; Table 1), i.e., the hypothesis that communities
of bacterial strains vary among age groups. These differences
were due mainly to the frequencies of E. faecium, E. avium, E.
durans, E. casseliflavus, S. salivarius, and S. saprophyticus, whereas
those of E. faecalis, E. mundtii, E. gallinarum, S. rhizophila, and A.
urinaeequi in adult female and nestling samples did not differ after
FDR correction (Table 2).
E. faecalis was also the most commonly detected species
(76.09%) at the nest level, followed by E. faecium (34.78%), E.
mundtii (32.61%), E. casseliflavus (26.09%), E. durans (23.91%),
E. avium (17.39%), E. gallinarum (10.87%), A. urinaeequi
(10.87%), and S. rhizophila (6.52%).
Factors explaining variations in frequencies of bacterial
strains and species.The communities of bacterial strains and spe-
cies hosted in the glands of adult females differed among individ-
uals (Table 3). In the case of nestlings in control nests, the identi-
ties corresponding to both the nests and the individuals from
which colonies were isolated explained a significant proportion of
the variations in the frequencies of bacterial strains; i.e., colonies
belonging to the same individuals or nests grouped within the
same strain with higher probability than those from different in-
dividuals or nests (Table 3). However, the nest but not the indi-
vidual identity explained a significant proportion of variance of
bacterial species identity, suggesting that nestlings of the samenest
usually shared bacterial species but not necessarily the same
strains.
In experimental nests, the identity of nestling individuals
within the same nest explained a significant proportion of vari-
ance at the levels of both the bacterial species and the bacterial
strains isolated from their glands, supporting hypothesis 2 (pre-
diction 2.1; Table 1). The identity of the nest of origin tended to
explain a significant proportion of additional variance in species
diversity (P 0.067; Table 3) but not in strain diversity, in partial
support of hypothesis 3 (prediction 3.1; Table 1). These results
suggest that the bacterial communities in the UGS of foster sib-
lings reared in the same nest tend to be similar and that siblings
developing in different nests tend to share similar bacterial spe-
cies.
Diversity of bacterial strains and species.The Shannondiver-
sity indices of bacteria did not differ significantly between theUGS
of adult females and the UGS of nestlings from control nests with
respect to either species (Kruskal-Wallis [K-W] test H1,65 0.43;
P 0.51) or strains (K-W H1,65 3.56, P 0.06). Interestingly,
theUGSof all nestlings growing in cross-fostered nests had greater
species diversity than those of the control (K-WH1,119 4.45;P
0.03), although there were no differences for bacterial strains
(K-W H1,119  0.14; P  0.71). Within experimental nests, fos-
tered and native individuals did not differ in the diversities of
bacterial strains (K-W H1,75  0.16; P  0.69) or species (K-W
H1,119 0.08; P 0.77) found in their UGS. Finally, experimental
nests (considering all nestlings in each nest) were more diverse
than control nests for both strains (K-WH1,51 12.54; P 0.001)
and species (K-W H1,46  15.63; P  0.001) (Fig. 1), suggesting
that the inclusion of foreign nestlings increases the whole bacterial
diversity of the nests (hypothesis 1 and 3, predictions 1.5 and 3.5;
Table 1).
Similarity among bacterial communities in cross-fostered
nests. Experimental nestlings did not differ in similarity indices
for bacterial communities in comparisons of those that shared the
nest of hatching (i.e., siblings that hatched in the same nests) or of
those that shared the nest of rearing (unrelated nestlings that grew
in the same nest) (Mann-Whitney U test; Z 0.05, P 0.96, n
94 comparisons) (Fig. 2). The similarity indices estimated for
nestlings that shared just one nest (origin or rearing) and for those
that shared both nests (siblings that hatched and were reared in
the samenest) (Mann-WhitneyU test;Z 0.40,P 0.69,n 150
comparisons) (Fig. 2) did not differ. However, the values corre-
sponding to the similarity of bacterial communities of UGS of
nestlings that had never been in contact with each other were
lower than the values estimated for nestlings that shared nest of
origin or nest of rearing or both (Mann-Whitney U test; Z 
5.15, P 0.001, n 1,998 comparisons) (Fig. 2). These results
support hypothesis 3 (bacterial acquisition before and after the
cross-fostering experiment) and prediction 3.2 (Table 1).
Similarity among bacterial communities of adult females
and nestlings. In 11 (5 control and 6 experimental) nests, we
recorded data from the adult female and the offspring. The
TABLE 3 Results of analysis of multiple regression on distance matrices for adult females and nestlings involved or not in cross-fostering
experimentsa
Hoopoe category Bacterial category
Regression coefficient
R2 F nIndiv. R-Nest O-Nest
Adult females Species 1.06** NA NA 0.07 155.26** 66
Strains 0.93** NA NA 0.33 1209.47** 70
Nestlings from control nests Species 0.27 0.59** NA 0.03 214.88** 160
Strains 0.84** 0.10** NA 0.16 1,416.07** 172
Nestlings from cross-fostering nests Species 0.94** 0.17** 0.05* 0.01 174.79** 273
Strains 0.72** 0.15** 0.005 0.04 563.81** 290
a Regression coefficient data were obtained from comparisons of the identifications of species or strains to the individual (Indiv.), nest-of-rearing (R-Nest), and nest-of-origin
(O-Nest, only in cross-fostering experiments) matrices. The rest of the statistical coefficients (R2 and F) correspond to the overall model, while n data represent the sizes of the
samples (i.e., the number of isolated colonies in each category). NA, not applicable. A tendency to significance is marked with a single asterisk (*) (P 0.067), while significant P
values are marked with double asterisks (**) (all P 0.0001).
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mother and biological offspring harbored bacteria from the same
species in 8 (3 control and 5 experimental) nests. For experimental
nests, adult females and adopted nestlings shared bacterial species
in one nest (prediction 2.3; Table 1). Bacterial strains detected in
adult females were also detected in biological offspring in five
experimental nests, but no coincidences were found with adopted
nestlings (see Table 4 for more details). Cross-fostered nestlings
and their biological mother had no coincidence when both strains
and species of bacterial isolates were considered (n 4 nests).
Changes over a breeding attempt. In four of the five adult
females with UGS sampled twice during the same reproductive
attempt (at the beginning and end of incubation), isolated colo-
nies belonged to the same species and strains (Fig. 3a) (prediction
1.4; Table 1). The strain isolated from the fifth adult female had
changed from the first to the second sampling, but the two strains
were clustered very close to each other (similarity 72%) and
belonged to the same species.
For nestlings that were sampled twice during their stay in the
nest (n 15), the detected bacterial species were the same in nine
individuals, while the strains did not differ in seven nestlings in the
two samplings (Table 5). However, no coincidences were found
for four nestlings (Table 5). Thus, nestlings tend to keep the same
strains, but new strains and species can colonize the UG (predic-
tion 3.4; Table 1).
Changes between breeding attempts. The strains detected in
the UGS of three of four adult females (one of them bred in the
same nest) during different reproductive attempts changed (Fig.
3b) (prediction 2.4; Table 1). Two of five (40%) detected strains
appeared during two consecutive years (in different nests) in the
UG of the four analyzed adult females. At the level of bacterial
species, two of the four adult females harbored exactly the same
species during the 2 years of sampling; one female maintained the
species in two of five isolates (40%), and the community in the
fourth had completely changed.
Bacterial community of nestlings that did not grow in hoo-
poe nests. The UGS of nestlings that were never in contact with
hoopoes (n  9) apparently had the same characteristics (i.e.,
color and odor) as those from nestlings growing in hoopoe nests.
Moreover, UGS of nestlings from artificially incubated eggs also
harbored bacteria, all of those detected (42 isolates) being of the
genus Enterococcus (E. faecalis, 59.52%; E. faecium, 19.05%; E.
durans, 11.9%; E. mundtii, 2.38%; 3 Enterococcus spp.).
However, the isolated bacterial strains of nestlings that did not
hatch and develop in hoopoe nests did not coincide with those in
the isolates from their siblings that stayed in original nests. The 25
isolates from the UGS of the 5 nestlings that were reared in the
laboratory belonged to the species E. faecalis, and only one nest-
ling did not share the strains with the rest. In the other 4 nestlings,
19 isolates belonged to 2 different strains, and 1 isolate was differ-
ent from the rest. Curiously, the bacterial community in the nest-
ling that came from a different nest (see Materials and Methods)
matched the communities in the isolates from the 5 foster siblings.
Due to the predation of their relatives, we could not compare their
bacterial communities.
DISCUSSION
The data show that hoopoes acquire and incorporate UG bacteria
throughout the reproductive cycle and across years throughout
their lives, given the following findings: (i) the frequencies of dif-
ferent bacterial species of adult females differed from those esti-
mated for nestlings; (ii) the bacterial communities of some indi-
viduals did not remain constant throughout the nesting period;
and (iii) the communities of adult females changed between re-
productive events. Furthermore, the results also indicated the ca-
pacity of hoopoes to acquire colonies horizontally from the envi-
FIG 1 Shannon diversity index (SDI) data for bacterial strains (a) and species
(b) from uropygial secretions of hoopoes in control and experimental (cross-
fostering) nests, including both exchanged and native nestlings. SE, standard
error.
FIG 2 Similarity index (means 	 standard errors of the means) data from
comparisons among cross-fostered nestlings’ bacterial communities in the
UGS with that of other nestlings that shared the nest of origin (biological
siblings), the rearing nest (foster siblings), or both nests (biological siblings
that were cross-fostered to the same rearing nest) or of those with which they
were never in contact.
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ronment, because (i) the identity of the rearing nest instead of that
of the nest of origin explained the variations of symbiont strains of
cross-fostered nestlings and (ii) nestlings reared outside the hoo-
poe nests also hosted Enterococcus spp. which did not coincide
with those of their relatives. Thus, our results show that acquisi-
tion of some symbiotic bacteria took place after the cross-fostering
experiment was performed and that communities of adult females
can also change over time. Given that nestling glands develop
several days after hatching, the results suggest that symbionts can
colonize theUG from external sources once developed. In the case
of adult females, the UG undergoes drastic morphological and
physiological changes at the beginning of each breeding attempt
(30). Our results indicate that the bacterial communities in the
UG differ among different breeding seasons.
Also, we found some evidence suggesting that the UG is colo-
nized by bacteria before being completely developed and open to
the outside environment, given that (i) the bacterial diversity in
the UGS of nestlings was higher in experimental nests than in
control nests (implying that cross-fostered nestlings carried some
symbiont strains from their original nests), (ii) data correspond-
TABLE 4 Coincidence of bacterial strains and species among nestlings and females in each nesta
Nest Type
Control nestlings (biological sons) Cross-fostered nestlings (adopted)
No. of
nestlings
No. of
bacterial
colonies
% coincident
bacterial
strains
% coincident
bacterial
species
No. of
nestlings
No. of
bacterial
colonies
% coincident
bacterial
strains
% coincident
bacterial
species
1 C 2 10 0 0
2 E 4 17 0 0 2 16 0 0
3 E 6 16 0b 40 2 8 0b 12.5
4 E 4 17 47.06 70.59
5 C 5 22 4.54 100
6 C 1 5 0 100
7 E 3 13 0 88.89 1 2 0 0
8 C 1 5 0 —c
9 C 1 5 100 100
10 E 3 11 18.18 54.54 2 8 0 0
11 E 2 11 45.45 54.54 1 9 0 0d
a The quantities of autochthonous and adopted nestlings, as well as the numbers of bacterial colonies isolated, are given. Nest types: C, control; E, experimental.
b Totals of 31.25% and 12.5% of the isolates from biological and foster sons belonged to RAPD groups, respectively, with similarity to isolates from females of 79%.
c —, the bacterial species of the females were unidentified.
d A total of 5 colonies from 1 nestling were unidentified at the species level.
FIG 3 Results of RAPD gel analyses of isolates from two adult females (a and
b), with 5 isolates fromeach of the two sampling events (lanes 1 and 2). In adult
female a, colonies were isolated from the same reproductive attempt (at the
beginning and at the end of the incubation period), and the similarity among
the RAPD profiles from the two sampling events is95%. In adult female b,
samples were taken in two consecutive years (and thus represent different
reproductive attempts), and the similarities among theRAPDprofiles from the
two sampling events are20%.
TABLE 5 Coincidence between two sampling events in the same
nestlings during their stay in the nesta
Individual Type
No. of bacterial colonies
isolated
No. (%) of
coincident
bacterial
strains
No. (%) of
coincident
bacterial
speciesSampling 1 Sampling 2
1 E 5 1 0 0
2 E 5 1 0 0
3 E 5 5 0 5 (100)
4 C 5 3 1 (33.33) 1 (33.33)
5 E 5 5 0 4 (80)
6 C 2 5 0 0
7 C 5 1 1 (100) 1 (100)
8 E 4 5 4 (80) 4 (80)
9 C 5 1 0 —b
10 E 5 5 4 (80) 4 (80)
11 E 5 5 3 (66.66) 5 (100)
12 C 3 5 0 0
13 C 1 5 0 —
14 E 2 5 5 (100) 5 (100)
15 C 1 5 1 (20) 2 (40)
a The first sampling (sampling 1) was performed around day 10 after the hatching date
(when the birds start to produce the UGS), and the second (sampling 2) was performed
around day 20 (before the birds fledged). The columns of the coincidences reflect the
numbers and percentages (in parentheses) of the bacterial strains and species found in
the second sampling that were also found in the first. Nestling types: C, control
(nestlings that were not changed from the nest); E, experimental (adopted nestlings).
b —, the bacterial species from the first sampling were not identified.
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ing to the nest of origin tended to explain variations in the fre-
quencies of symbiont strains of cross-fostered nestling, and (iii)
the indices of similarity between biological and foster siblings did
not differ but were significantly higher than those of nonrelated
individuals.
Below, we discuss such results in scenarios of vertical and hor-
izontal transmission of symbionts, which may potentially be ad-
justed to particular environmental conditions.
Horizontal versus vertical transmission. The cross-fostering
experiment indicated that foster nestlings can obtain their bacteria
several days after hatching from external sources, such as nest
mates, foster mother, or the new nest, which could be interpreted
as horizontal transmission since symbionts do not originate from
the biological mother. Environmental influence in bacterial com-
munity assemblages has been previously found in cloacal samples
(54, 55). In a natural scenario (nestlings growing in their original
nests), nestlings could acquire bacteria from the genetic mother
through nest contamination by strains from the adult female (56).
Actually, some of the breeding behavior of adult female hoopoes
such as egg besmearing with UGS (14, 33) or touching offspring
with the bill impregnated with secretion may increase the proba-
bility of vertical transmission. Such behavior should result in en-
terococcal symbionts from their gland being abundant in the nest
environment, thus easily reaching the developing UG of hatch-
lings. Accordingly, some nestlings shared bacterial strains and
species with the adult females (see Table 4). However, adult fe-
males are not the only source of bacteria in nests, and symbionts
may be shared if both adult females and nestlings acquired them
from nest material instead, implying horizontal transmission. In
addition, the host genotype could also influence bacterial assem-
blages (57), of which related individuals would tend to host sim-
ilar strains. Cross-fostering experiments accompanied by manip-
ulations of the availability of bacteria in nests are necessary to
distinguish among these possibilities.
In any case, nestlings that were never in contact with adults or
nests of hoopoes developed the same type of UGS as wild chicks,
and Enterococcus spp. prevailed in their bacterial community. In
great tit nests, there are many possible sources of Enterococcus,
such as the nest material or nestling excrement. In addition, adult
tits could also harbor bacteria in theirUGanddisseminate them in
the nest environment (e.g., by besmearing the eggs), which would
result in the transmission to hoopoe nestlings.
Thus, vertical transmission from parents after hatching is not
necessary for hoopoes to acquire bacterial symbionts in their UG.
Although we cannot rule out the possibility that the bacteria pass
through the eggshell and infect the embryo before egg removal
from hoopoe nests, this finding indicates the possibility that the
UG is adapted to host enterococci, which are otherwise quite
abundant in nature (e.g., 37, 38, 58).
Adaptable symbiont communities. The antimicrobial effec-
tiveness of symbionts in hoopoe glands depends on their geno-
types (36). Bacterial symbionts of adult females changed from 1
year to another; thus, the adult femalesmay be able to collect from
the environment the bacterial strain most appropriate to particu-
lar conditions, given that the pathogenic environments may differ
among years and/or nests (29). This plasticity in acquisition of
symbionts may be advantageous for hoopoes.
We can only speculate on themechanisms of possible selection
of symbionts (59), but the differences that we detected between
the bacterial communities of adult females and those of nestlings
may have been due to differences in UG characteristics, hormone
concentrations, or other unknown factors. In accordance with a
possible process of symbiont selection and the effect of environ-
ments determining their bacterial community, we found that E.
faecalis, the species with the greatest antibiotic activity (35), is the
culturable bacterium that is prevalent in hoopoe glands (36).
Thus, it is possible that the community of symbionts in the UG of
hoopoes is a plastic trait conditioned by particularities of the nest
environment each year.
The relatively low variation of symbiont taxa found indicates
the possibility of coevolution between hoopoes and symbionts,
leading to a better alignment of interests between the counterparts
(60). Despite our having used a nonselective and highly nutritive
medium (TSA), some 97% of bacteria cultured from hoopoe UG
belonged to just one genus (Enterococcus), while no enterococci
were detected in bacteria isolated in TSA from the plumage of
birds (61). Although we cannot rule out the possible presence of
bacteria that cannot be cultured, our results imply a certain spe-
cialization in hosting enterococci. Earlier studies have shown the
relationship of bacteriocin production to the antimicrobial capac-
ity of isolated colonies and also the association between genotypes
and antimicrobial properties (15, 35, 36).Moreover, we know that
hoopoes derive fitness advantages from harboring these symbi-
onts (14, 21), suggesting a mutualistic relationship between en-
terococci and hoopoes. Accordingly, here we show that hoopoe
nestlings reared under laboratory conditions or in nests of great
tits managed to acquire antimicrobial enterococci in their UG.
Final remarks. There are several examples in the animal king-
dom of mutualistic relationships in which symbionts of relatively
low diversity are acquired from the environment, as in the cases of
nematodes, squids, and annelids (reviewed in reference 23). One
of the leading issues in evolutionary biology is how microbiomes
are established and maintained within their hosts due to the mul-
titude of benefits they receive from symbiotic microbiota (23, 62).
The reduced variability in symbiotic bacteria detected in the
above-mentioned invertebrate taxa, as well as in nestlings and
adult female hoopoes, could result from individuals acquiring a
single or a few bacteria but also from selection acting on a more
diverse bacterial community within individual hosts. Hosts, by
modifying the environment of the more or less specialized places
where symbionts develop, may favor the growth of beneficial bac-
teria and restrict the proliferation of pathogenic ones (59). Bene-
ficial bacteria may be resistant to antimicrobial defenses of hosts,
which may fuel interference competition among symbiotic bacte-
ria, favoring the recruitment of the most effective antibiotic-pro-
ducing strains (59). Indeed, bacteria isolated from hoopoe UGS
produce bacteriocins with a wide inhibition spectrum (15, 35).
These compounds establish several interaction networks and help
maintain the biodiversity of microbial communities (63). Thus,
hoopoes may harbor bacterial competition within the uropygial
gland, resulting in communities with major antimicrobial prop-
erties (16, 35). In this study, we detected a strong environmental
effect determining the bacterial community, suggesting that some
of these mechanisms explain the relatively low diversity of the
culturable bacterial communities of hoopoes.
Our results therefore suggest that hoopoes start to acquire bac-
teria soon after hatching and continue to do so during their stay in
the nest and that, although bacterial colonization and establish-
ment of the symbiosis with enterococci are innate in this species,
special characteristics of the UGS of each individual could shape
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the bacterial community. Moreover, we show experimental evi-
dence of horizontal and vertical transmission of bacterial strains.
This mixed mode of transmission to nestlings could serve to gain
simultaneously the advantages provided by horizontal transmis-
sion (23) and vertical transmission (22, 29) of beneficial microor-
ganisms.
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